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The rapid evolution of resistant bacteria is a huge problem in medicine because makes 
the treatment of infections more and more difficult. The bactericidal properties of noble 
metal nanoparticles could be a solution. 
In this work silver nanoparticles were produced by using two nanosecond Nd:YVO4 lasers 
operating at 1064 and 532 nm respectively to ablate a silver target submerged in pure de-
ionized water. Part of the resulting colloidal solution was injected as a fine stream by a 
compressed air system and re-irradiated one and three times with the same laser to resize 
and get uniform nanoparticles.  
The obtained nanoparticles by ablation and re-irradiation consisted of crystalline Ag 
nanoparticles with a bimodal size distribution. The particle size has been reduced by 
subsequent laser re-irradiation with both laser sources, reaching a 40% of mean size 
reduction. Inhibitory effects on the proliferation of Staphylococcus aureus was 
demonstrated on silver nanoparticles obtained after re-irradiation with the infrared laser. 
 




It is estimated that by 2050, 10 million persons will die each year due to the resistance of 
bacteria to antibiotics [1]. This is a huge problem that even today is causing 700.000 
fatalities per year. Use of nanoparticles (NPs) could be an alternative to today’s 
antibiotics, since NPs are able to locally destroy bacteria, but preserving the integrity of 
the surrounding tissues [2]. 
During the last years, silver nanoparticles have been widely studied because of their 
antibacterial properties [3-9]. In this way, different studies demonstrated the influence of 
size and shape of NPs in terms of bactericidal efficacy [7, 10–12]. Therefore, synthesizing 
nanoparticles with the adequate size distribution, morphology and crystallinity is very 
important. There are various methods based on physical, chemical or biologic processes 
to produce silver nanoparticles [13-17]. Obviously each technique has its own pros and 
cons . Regarding the use as bactericidal agent in human beings, is important to note that 
most of these methods imply the use of precursors, solvents or involve chemical reactions 
which can result in the contamination of the obtained nanoparticles, that could be harmful 
not only to bacteria but also to the surrounding tissues. 
Laser ablation of solids in liquids (LASL) allows controlling the size and shape by tuning 
the processing parameters, but also leading to obtain pure nanoparticles with no need of 
any additional reagent [18]. In the last decade several groups used this technique for the 
production of silver NPs [19-24]. Modifications of the original technique such as using a 
high speed rotating target [25]or a wire target in a liquid jet [26] led to improvements on 
size of the nanoparticles and on the productivity respectively. With the objective of 
avoiding any type of contamination, laser ablation of a silver plate was carried out also in 
open air, obtaining NPs with rounded shape and narrow size distribution [27-28].  
In the present work, we report the synthesis of silver nanoparticles by LASL in water 
using two different laser sources and the subsequent fragmentation of the obtained 
solutions following a somehow similar strategy as that of Wagener and Barcikowski for 
producing organic NPs from powders instead of a solid target [29]. In this case, the 
nanoparticle solutions are irradiated with a focused laser beam at the outlet of a narrow 
tube to ensure that the optical path of the beam is minimized and the laser beam hits the 
particles in a fine jet with a reduced thickness. The similar working parameters used by 
both laser sources together with the experimental configuration, set the ideal conditions 
to study the effects of the laser wavelength in the ablation and re-irradiation process. 
Results and formation process, including influence of wavelength are discussed. 
Antibacterial activity is also studied with Staphylococcus aureus (a gram-positive aerobic 
bacteria) for being one of the major multidrug-resistant pathogens [9,30], which typically 
causes skin infections or even pneumonia, endocarditis and osteomyelitis [31]. 
 
2. Materials and methods 
2.1. Laser Ablation 
A silver foil with 99.99% of purity was cleaned and sonicated to be used as laser ablation 
target. As shown in Figure 1, the target was fixed inside a glass vessel filled with 
deionized water up to 1mm over the upper surface of the silver foil. The liquid layer 
thickness selection was made taking into account that this parameter is critical in the NPs 
formation process. Since the laser fluence in our case is moderate and the laser beam was 
scanning the substrate, 1mm-thickness layer of liquid above the target was enough to 
avoid the splash of water drops and to ensure the release of the ablated matter into the 
surrounding liquid [32]. 
Two different laser sources working at different wavelengths were used in the process 
(see Table 1). The first system was a diode-pumped Nd:YVO4 laser providing pulses of 
14 ns at wavelength of 532 nm. The second laser source was a Nd:YVO4 laser providing 
pulses of 20 ns at 1064 nm of wavelength. The laser beam spot diameter on the target 
surface was estimated to be 132 µm giving  a fluence of 1.90 J/cm2 in case of Green laser 
and 150 µm giving a fluence of 2.03 J/cm2 for IR laser.  
In all experiments, the laser beam was focused on the upper surface of the target and was 
kept in relative movement with respect to the metallic plate at 50 mm/s of scanning speed 
The processing time for the LASL was 5 minutes in both cases, taking place a change in 
the color of the solution, becoming yellowish/brown in the first minutes of the process 
which evidences the nanoparticle production [33]. 
2.2. Re-Irradiation 
Part of the obtained solutions from the LASL was poured and subjected to pressure to 
give a horizontal homogeneous and constant stream flowing from a capillary to be re-
irradiated once and three times using the same laser sources with the same parameters 
used for the initial colloidal solution. Table 2 shows the different samples produced and 
analyzed in this study.  
The laser beam was perpendicularly focused on the middle point of the stream at the 
capillary exit (Fig. 2). The air pressure used during the process was 0.5 bar. This pressure 
was enough to keep a continuous jet of 0.69 cm3/s and to assure that laser beam strikes 
on a homogeneous area. 
2.3. Sample preparation and characterization technics 
After each experiment, samples of the obtained colloidal suspensions were dropped on 
carbon-coated copper micro-grids and allowed to dry for characterization with a High-
Resolution Transmission Electron Microscopy (HRTEM). Drops of each sample have 
been also deposited and dried repeatedly on a glass to get a film with sufficient thickness 
for the X-ray diffraction (XRD) analysis. The XRD spectra of the samples were compared 
to that of the starting material. 
In order to analyze the particle size, morphology and crystalline structure of the obtained 
nanoparticles, HRTEM images were obtained using a JEOL-JEM 2010F FEG 
transmission electron microscope equipped with a slow digital camera scan, using an 
accelerating voltage of 200 kV and provided with an energy dispersive X-Ray 
Spectrometer (EDS) to reveal the qualitative elemental composition. The XRD analysis 
was carried out in order to corroborate the crystal structure by means of a PANanalytical 
X’Pert Pro X-ray diffractometer using monochromated Cu-Kα radiation (λ= 1.54 Å) over 
the 30-90º 2θ range with step size of 0.02º. The UV-vis absorption spectrum of the 
colloidal suspensions was measured in the range from 190 to 800 nm using a Hewlett 
Packard HP 8452 spectrophotometer. The stability of the colloids was studied by means 
of the Z-Potential measurements, carried out with a Zetasizer Nano ZS ZEN3600 from 
Malvern Instruments. 
To assess the bactericidal activity of the obtained NPs, the MIC (minimum inhibitory 
concentration) evaluation was performed with a gram-positive bacteria, Staphylococcus 
aureus subsp. aureus CECT 435 (Colección Española de Cultivos Tipo) using different 
dilutions (from 1:2 to 1:100) of each colloidal solution with a concentration of 300 mg/L. 
The growth rates of this bacteria was studied by optical density (OD) measurements. This 
standard procedure used in microbiology, measures the optical absorbance of a sample at 
a specific wavelength, to obtain normalized results [34]. The different silver NPs colloids 
were added (in triplicate) to the wells of a sterile 96-well plate already containing the 
bacterial suspension in culture media (BHI). To assure homogeneity, the obtained 
solutions were previously submerged in an ultrasonic bath for 25 minutes at room 
temperature. During the assay the plate was incubated at 37 ºC and the absorbance at 
600 nm was measured every 15 min for 13 hours using a multimode microplate reader 
(Infinite 200 PRO, Tecan).  
 
3. Results and discussion 
3.1. Size, morphology, composition and crystallography 
Figures 3 and 4, show TEM images of Ag nanoparticles obtained with green and IR lasers 
and their corresponding size distribution. The represented histograms were obtained by 
measuring the diameter of about 300 particles of each sample. 
Note that the silver nanoparticles obtained by LASL with both Green and IR lasers, 
exhibit rounded shape with certain tendency to agglomeration. This is due to the formation 
mechanism of nanoparticles and the thermal regime taking place between laser beam and 
the target. When the laser beam strikes on the Ag foil, the incident radiation is absorbed 
heating up the silver above its melting point. Because of the high power delivered in the 
few nanoseconds lasting the laser pulse, the energy density surpasses the ablation 
threshold of the material and lead to the plasma formation. In water, the plasma plume is 
confined and it cools down more rapidly than in air [35] forming spherical nanoparticles.  
Subsequently, the nanoparticles size was reduced by laser re-irradiation. This process 
causes a large number of small particles as well as a wider range of sizes [36] as can be 
seen in figures 3 and 4. On account of the metallic nature of the starting material, since 
although the great majority of the particles are fractured by the laser beam turning out in 
smaller ones, concurrently the absorbed radiation increases the temperature of the already 
formed NPs above the melting point, which melt and join with others by coalescence 
leading to the formation of larger nanoparticles or chains-like nanostructures.  
Note that all samples show a bimodal size distribution. In addition, the number of 
nanoparticles with a diameter lower than 10 nm increased with the re-irradiation times, 
primarily when the process is carried out with the IR laser. 
The influence of laser wavelength on the obtained nanoparticles size and/or concentration 
can be explained by penetration depth of laser beam, self- absorption, ablation efficiency, 
etc. It is known that absorption efficiency of the incident laser radiation represents a key 
parameter in the process. According to previous works, the absorption efficiency of 
532 nm for producing Ag nanoparticles is higher than when 1064 nm of wavelength is 
used [37-38]. This is consistent with TEM images of the nanoparticles obtained directly 
by the laser ablation of silver target in water, but not with those obtained by re-irradiating 
the resulted colloidal solutions. 
Taking into account thermal evaporation dominates the process of ns ablation [7], 
nanoparticles fragmentation can be controlled by limiting the interaction zone between 
the laser beam and nanoparticles on one hand and their interaction time on other hand. 
Results show that the fragmentation process carried out by using a 1mm-diameter flow, 
assures that the incident radiation affects a small controlled area, being the laser fluence 
a parameter of great relevance. Because of the liquid layer surrounding the nanoparticles 
is very reduced, the high irradiance induces dramatic particles overheating, leading to 
particles evaporation and explosion. As a result, smaller particles are formed from the 
fractured ones. 
In our results the fragmentation effect is more noticeable in the case IR wavelength due 
to its higher fluence. Similar results have been reported in previous works, showing that 
particle size decrease by increasing the pulse fluence [38, 36]. 
The EDS performed on each obtained sample confirms that the as-ablated as well as the 
re-irradiated nanoparticles are pure Ag. Moreover, all the particles obtained, even the 
smallest ones are crystalline. This aspect can be observed in Figure 5, showing HRTEM 
of single nanoparticles with clear lattice fringes and their corresponding Fast Fourier 
Transform (FFT) as insets. 
To elucidate the crystalline phases of the obtained Ag nanoparticles, the measured 
interplanar distances from the FFT were compared with those of metallic Ag in Table 3. 
The measured interplanar distances correspond with the family planes of cubic Ag 
(JCPDS-ICDD ref.00-004-0783). Note that the composition seems to be not modified in 
the process. 
In order to corroborate the composition of the obtained nanoparticles, XRD were 
performed on the obtained nanoparticles and the precursor silver plate. The corresponding 
comparative diffraction patterns of the samples are depicted in Figure 6. As can be seen 
from Fig. 6 the crystalline phase of the obtained nanoparticles is not altered by the re-
irradiation process, changing only size and shape. 
As shown in Fig. 7a, the UV-VIS spectra of the synthesized nanoparticles exhibit a peak 
at approximately 400nm, which is characteristic of surface plasmon resonance (SPR) 
feature of Ag nanoparticle colloidal solutions [36]. The SPR is a well-known metallic 
nanoparticles effect, since it is absent in individual atoms and in metallic bulk. It is 
associated to the nanoparticles shape, size and surrounding medium in a way that the 
presence of a single surface plasmon peak, implies that they are spherical [36-37]. The 
pronounced peak corresponds to the as-ablated nanoparticles while the broadening in the 
re-irradiated ones is characteristic of a wide size distribution [40] which is in agreement 
with the TEM observations. 
Measurements of absorbance of each sample were repeated after 14 days. As shown in 
Fig. 7b, the single surface plasmon peak of as-ablated nanoparticles has slightly blue-
shifted. This effect, although implies that they are still spherical could be attributed to the 
presence of silver oxide on the AgNPs [7]. In addition, the absorbance peak of the samples 
obtained by re-irradiation with both lasers have been softened, which could be indicative 
of the agglomeration. 
3.2. Colloid stability 
It is known that colloid stability depends on the interactions between its particles in 
suspension which in turn are the result of electrostatic repulsive forces and Van der Waals 
attractive forces [39, 41]. The electrokinetic potential, commonly known as Zeta potential 
(ZP) provides information about the interactions that take place through the measurement 
of the particles speed under the influence of an electric field applied. 
As shown in Table 4, the measurements show a higher (absolute value) potential for the 
particles obtained by laser ablation than the re-irradiated particles, decreasing with the 
number of times the sample is re-processed. In this sense, guidelines confer higher 
instability for colloidal solutions with low ZP values (below 10 mV) than others with 
values around 20 mV. In addition, all values are negative, which reveals a basic pH [41] 
of a great importance in biological applications.  
Measurements were repeated after 14 days (Table 5) showing similar values to those 
initially obtained, with a slight tendency to reduce the ZP values in time, but preserving 
certain stability. 
This stability is also confirmed by means of the colloids color, since after 14 days the 
colloidal solutions preserve their yellowish-brown tonality. This is especially 
significative for the initial colloids, because of the NPs are suspended by the repulsive 
force exerted among them, while NPs obtained by means of the re-irradiation process 
(with lower ZP values) tend towards agglomeration looking for a more stable equilibrium 
condition. This balance between the particles, is known as total interaction potential 
which depends among others, on the electrolyte concentration, the valence of counterions, 
as well as the particle size [42], being larger particles less probable to coagulate than 
smaller particles [43]. 
 
3.3. Analysis of antimicrobial activity 
Antimicrobial activity of the obtained solutions was evaluated through standard Optical 
Density measurements at wavelength of 600nm (OD600). Due to the different absorbance 
at 600 nm of each solution before being added to the culture medium, the relative values 
(to the initial absorbance value) were calculated for comparing the results. Only the 1:2 
dilution showed antibacterial effects. The obtained relative absorbance of each sample is 
shown in Fig. 8. 
Taking into account that this method measures the turbidity of bacterial suspensions by 
means of its absorbance, stablishing that the higher the absorbance, the more bacterial 
concentration [34]. Values were compared with a positive and a negative control (medium 
with bacteria but without NPs and medium without bacteria respectively). After 13 h the 
bacterial growth values are noteworthy reduced in all samples. Silver nanoparticles 
obtained by re-irradiation once, exhibit a greater bactericidal capacity than their 
precursors (as ablated), being samples b.1 and b.2 those that show the most remarkable 
inhibitory effects. The rest of curves show a delay in the growth, after which the bacterial 
proliferation starts.  
Earlier studies [5,11,44] have demonstrated that Ag NPs with a size between 1 and 10 nm 
are the ones with the greatest bactericidal effects. In this study, the smallest nanoparticles 
which correspond with sample a.3 do not show the best inhibitory effects because of the 
formation of agglomerates, resulting in a decrease of Ag+ ions release [45], the main 
responsible for bacterial inhibition [4,46]. Which seems to indicate that the electrolyte 
concentration of this sample at the beginning is too high and the coagulation takes place 
very fast. 
Note that the samples with the highest bactericidal effect (b.2, b.1 y a.2), correspond to 
those that underwent a greater variation in their ZP values after 14 days.  
This results are consistent with works previously reported and demonstrate not only the 
influence of size, but also morphology and stability of colloidal Ag NPs in the bactericidal 
effects [10,47]. In this sense, the addition of salts to the solution before irradiation, would 
prevent the formation of agglomerates and improve the stability of the NPs in colloidal 




Feasibility of a small-diameter flow to reduce the size of silver nanoparticles by laser 
radiation is demonstrated. Crystalline Ag nanoparticles have been obtained by means of 
LASL and re-irradiation technique using two different nanosecond Nd:YVO4 lasers 
working at 532 nm and 1064 nm of wavelength, without any chemical reagent or 
contamination. The particles obtained by LASL exhibit rounded shape. After re-
irradiation, nanoparticle size is reduced, nevertheless part of the fractured particles 
coalescence leading to the formation of larger nanoparticles or chains-like nanostructures 
with a wide range of sizes. All particles show very strong tendency to agglomeration. 
This is consistent with the metallic nature of the material and the thermal formation 
mechanisms.  
Despite the fact that both wavelengths reduce the average size of the nanoparticles by 
means of the re-irradiation process, the number of particles with a diameter smaller than 
10nm increases considerably if the wavelength used is 1064 nm. 
The antibacterial study showed that s. aureus is susceptible to the obtained silver 
nanoparticles, reaching the best inhibitory effects those nanoparticles obtained by laser 
ablation and re-irradiation with 1064 nm of wavelength. This result confirms the 
influence of size, shape and stability in the bactericidal effects of silver nanoparticles. 
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Figure captions 
Fig. 1. Laser ablation process 
Fig. 2. Pressurized air system scheme 
Fig. 3. TEM micrographs and size distribution of Ag nanoparticles obtained in water 
using a Nd:YVO4 laser operating at 532 nm. a.1) after laser ablation of Ag foil, a.2) 
after one re-irradiation, a.3) after 3 re-irradiations. 
 
Fig.4. TEM micrographs and size distribution of Ag nanoparticles obtained in water 
using a Nd:YVO4 laser operating at 1064 nm. b.1) after laser ablation of Ag foil, b.2) 
after one re-irradiation, b.3) after 3 re-irradiations. 
 
Fig.5. HRTEM images and their corresponding FFT of Ag crystalline nanoparticles 
obtained in water using a Nd:YVO4 laser operating at 1064 nm. b.1) by laser ablation of 
Ag foil and b.3) after 3 re-irradiations. 
 
Fig.6. XRD of Ag nanoparticles obtained with a wavelength of 532 nm by: a.1) LASL, 
a.2) re-irradiation 1 time, a.3) re-irradiation 3 times and with 1064 nm of wavelength 
by: b.1) LASL, b.2) re-irradiation 1 time, b.3) re-irradiation 3 times. 
 
Fig.7a. UV-vis spectrum of Ag nanoparticles obtained with a wavelength of 532 nm by: 
a.1) LASL, a.2) re-irradiation 1 time, a.3) re-irradiation 3 times and with 1064 nm of 
wavelength by: b.1) LASL, b.2) re-irradiation 1 time, b.3) re-irradiation 3 times. 
 
Fig.7b. UV-vis spectrum of Ag nanoparticles obtained after 14 days. 
 
Fig.8. Growth curves of S. aureus with dilution of 1:2 during 13 h of incubation at 
37 ºC in contact with the colloids. Bacterial suspension in the absence of NPs were used 












































Table 1. Processing parameters 
 













Laser Green 532 14 20 1.90 50 
IR 1064 20 20 2.03 50 
 
 
Table 2. Set of samples produced and analyzed  
 
Sample Laser source Treatment 
a.1 Green As produced 
a.2 Green 1 time re-irradiation 
a.3 Green 3 times re-irradiation 
b.1 IR As produced 
b.2 IR 1 time re-irradiation 
b.3 IR 3 times re-irradiation 
 
 
Table 3. Lattice spacing measured from the FFT of Ag nanoparticles obtained by a.1), 
b.1) laser ablation, a.2), b.2) by one re-irradiation, a.3), b.3) by 3 re-irradiations, using 
532 nm and 1064 nm respectively and compared to those of metallic Ag. 
 
a.1 a.2 a.3 b.1 b.2 b.3 Ag (hkl) 
0.236 0.234 0.235 0.235 0.239 0.233 0.2359 (1 1 1) 
0.209 0.208 0.214 0.192 0.222 0.201 0.2044 (2 0 0) 
 -  -  - 0.155  - 0.137 0.1445 (2 2 0) 
 - 0.116  - -   -  - 0.11796 (2 2 2) 
 
 
Table 4. Z-Potential measurements 
 
Sample a.1 a.2 a.3 b.1 b.2 b.3 
Z Potential (mV) day 0 -23.5 -9.18 -1.90 -19.03 -19.33 -11.5 




• Ag nanoparticles (NPs) size is reduced by laser re-irradiating a NPs thin flow. 
• Composition and crystal structure are not modified in the re-irradiation process. 
• The obtained NPs show remarkably bactericidal effects after 13 hours. 
• The re-irradiation process improves the antibacterial properties of the NPs. 
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